groundwater followed by some re-precipitation as cemented rind concretions at a chemical reaction front. Although some terrestrial concretion analogs are produced from a precursor siderite or pyrite, diagenetic minerals could also be direct precipitates for other terrestrial concretions. The Gale sediments differ from terrestrial sandstones in their high initial iron content, perhaps facilitating a higher occurrence of such diagenetic reactions.
a b s t r a c t
Voids and hollow spheroids between ∼1 and 23 cm in diameter occur at several locations along the traverse of the Curiosity rover in Gale crater, Mars. These hollow spherical features are significantly different from anything observed in previous landed missions. The voids appear in dark-toned, rough-textured outcrops, most notably at Point Lake (sols 302-305) and Twin Cairns Island (sol 343). Point Lake displays both voids and cemented spheroids in close proximity; other locations show one or the other form. The spheroids have 1-4 mm thick walls and appear relatively dark-toned in all cases, some with a reddish hue. Only one hollow spheroid (Winnipesaukee, sol 653) was analyzed for composition, appearing mafic (Fe-rich) , in contrast to the relatively felsic host rock. The interior surface of the spheroid appears to have a similar composition to the exterior with the possible exceptions of being more hydrated and slightly depleted in Fe and K. Origins of the spheroids as Martian tektites or volcanic bombs appear unlikely due to their hollow and relatively fragile nature and the absence of in-place clearly igneous rocks. A more likely explanation to both the voids and the hollow spheroids is reaction of reduced iron with oxidizing
Introduction
The Mars Science Laboratory (MSL) rover, Curiosity , is the first to traverse across and explore substantial sedimentary deposits in a depression that was once a large, habitable lake . The first nine kilometers of the traverse ( Fig. 1 ) covered terrain characterized by conglomerates (e.g., Williams et al., 2013 ) , sandstones (e.g., Anderson et al., 2015 ) , and mudstones (e.g., McLennan et al., 2014 ) . Evidence from the morphology as well as the chemistry and mineralogy (e.g., point towards deposition of much of the material in either flowing water or in a significant body of standing water. Further, the rover team's observation of dipping beds interpreted as foresets occurring over a significant fraction of this traverse suggests that a large sediment load was deposited over an elevation of at least 200 m . The amount of sediments suggests that the lake, or succession of lakes, was long-lived, likely existing a minimum of 10,0 0 0 to as much as 10 million years or more, as a large standing body of water Palucis et al., 2016 ) .
Observation of the surface texture at Yellowknife Bay revealed areas covered with millimeter-scale nodules concentrated most strongly over and around the Cumberland drill site but also near the John Klein drill hole. A total of 1729 solid nodules and 513 hollow nodules were measured in 20 Mars Hand Lens Imager (MAHLI) images of the surface in this area . The nodules were suggested to have originated as concretions, possibly surrounding gas bubbles Kah et al., 2014 ) . No compositional differences were detected by ChemCam in the nodules compared to the average Sheepbed unit composition, except when filled by calcium sulfate, which is interpreted as a late stage filling of a pre-existing cavity .
In this work we study larger post-depositional features, specifically hollow spheroids up to ∼23 cm in diameter, interpreted as concretions, and spheroidal voids in the ∼1-10 cm range in nearby bedded material. Collectively these features may provide further clues to diagenetic processes in the Gale crater sediments. Fig. 1 . Rover traverse map in Gale crater up to sol 800. An inset shows the elevations of the waypoints indicated on the map. Yellow circles indicate the locations of the features discussed in this work. Twin Cairns Island ("TCI") is just southwest of Yellowknife Bay on Bradbury Rise. The target Winnipesaukee ("W") is just west of the Kimberley outcrop, still well within the landing ellipse, and approximately 6 km from the Yellowknife Bay area. Tochatwi and Point Lake, indicated by unmarked yellow circles, are shown in greater detail in Fig. 2 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Methods
Features were imaged mostly by the Mastcam instrument, consisting of stereo cameras mounted on the rover's mast. These are variable focus, fixed aperture color cameras employing identical CCDs with 1600 × 1200 pixels. The two have longer and shorter focal lengths to simultaneously capture higher resolution and larger fields of view. The left camera has a 34 mm focal length, a 0.22 mrad/pixel resolution, and an 18.4 × 15 °effective field of view. The right-side camera has a 100 mm focal length yielding a 0.074 mrad/pixel resolution, and an effective field of view of 6.3 × 5.1 °. Both use Bayer red-green-blue filters for all images, in addition to a color filter wheel that is optionally used ( Malin et al., 2010; Bell et al., 2012 ) . One image used in this work was taken by the MAHLI camera on the rover arm. It is designed for both close-up and distant imaging using the same detector and Bayer color filter as Mastcam ( Edgett et al., 2012 ) . Imaging of the Winnipesaukee target was also done by the ChemCam Remote Micro-Imager (RMI). This camera images through the 110 mm diameter ChemCam telescope using a flight-spare Rosetta camera head. The RMI takes panchromatic images that are weighted somewhat toward the longer-wavelength region allowed by silicon CCDs . The RMI has a 20 milliradian field of view; its pixel resolution is 19 microradians, however, its resolution is not pixel-limited, as the telescope was designed to also accommodate the compositional analyses, with a resulting effective resolution of ∼40 microradians ( Le .
Compositions described for the Winnipesaukee target were obtained with the ChemCam Laser-Induced Breakdown Spectrometer (LIBS) instrument. The LIBS technique obtains elemental compositions by firing a focused laser pulse onto a small spot on a target to ablate material producing a hot ( ∼10,0 0 0 Kelvin) plasma. The plasma is imaged and the light is spectrally dispersed to observe optical emission lines of the ablated material (e.g., Cremers and Radziemski, 2006 ) . The ChemCam LIBS instrument covers the spectral range from 240-906 nm, observing plasmas to a distance of 7 m Maurice et al., 2012 ) . The LIBS footprint is ∼400 μm at the distance from which Winnipesaukee was observed. Observations into soil produce a somewhat larger hole with a diameter of 1-1.5 mm. For each observation point, 30 laser pulses were used, with a corresponding spectrum recorded for each. Reported compositions usually discard the first five spectra and average the remaining 25, but compositions corresponding to each laser pulse can be determined if depth-sensitive information is desired.
ChemCam LIBS spectra are processed to remove noise, ambient light, and white-light continuum . The majorelement abundances are determined using a combination of two multivariate techniques, partial least squares (PLS; e.g., Anderson et al., 2017 ) and independent component analysis (ICA; e.g., Forni et al., 2013 ) , based on calibration with over 400 standards in the laboratory, cross correlated with Mars observations via comparison of eight geological standards on the rover . This calibration has been shown to give results in good agreement with the Alpha Particle X-ray Spectrometer (APXS) and with precision within a factor of ∼2 of that instrument .
ChemCam LIBS provides qualitative assessments of hydrogen abundances via an emission line at 656.8 nm . On the other hand, the elements sulfur, chlorine, and phosphorous are poorly constrained by ChemCam and are thus not generally quantified. The totals of the quantified elements are usually below 100 wt. % due to the fact that S, Cl, P, and H generally comprise a small to moderate fraction of the total abundances. The sum of these 'missing elements' can often be inferred by the difference between the ChemCam major-element total and 100 wt. %.
Field area description
The features described here were observed on sol 121-123 (Tochatwi and nearby features), sols 302-305 (Point Lake Outcrop, and Shaler a few sols later), sols 343-345 (Twin Cairns Island), and sol 653 (Winnipesaukee). Figs. 1 and 2 show the locations of these features. Bradbury Rise is a relatively flat area at the distal end of the alluvial fan produced by the Peace Vallis flow channel ( Palucis et al., 2014 ) that extends down from the wall of the crater ∼20 km northwest of the landing site. Bradbury Rise is bounded (white dashed line, Fig. 1 ) on the south-southeast by the Bagnold Dune field and the lower slopes of Mt. Sharp. Along the rover's traverse it extends from near Yellowknife Bay (YKB) on the northeast, to north of Kimberley, where the rover began to encounter shallow valleys, buttes, and mesas. The surface of Bradbury Rise is characterized by sedimentary gravel and occasional conglomerate outcrops in three different types of surface expression: Hummocky Plains, Cratered Surface (CS), and a Rugged Unit ( Fig. 1 ), although the rover never actually drove on the CS unit. To the east of the landing site is a triple junction between the Hummocky Plains, a CS unit, and a region of relatively high thermal inertia at YKB ( Fig. 2 ) . A number of the spheroidal features discussed in this work were found in this area, including Tochatwi and features at Point Lake and Shaler ( Fig. 2 ) .
The YKB formation consists of three different members described in : Sheepbed, Gillespie, and Glenelg. The lowest member, Sheepbed, consists of mudstones. In addition to the nodules and raised ridges, this member is characterized by significant calcium sulfate veins and small nodules . Sheepbed was sampled by CheMin and SAM in two different drill holes, both of which yielded clay minerals as well as primary detrital basaltic grains. The CheMin analyses show 18-22% smectite, along with several percent abundances of magnetite, suggesting authigenesis Bristow et al., 2015; Bridges et al., 2015 ) .
The Sheepbed member is overlain by the Gillespie member, which consists of sandstone of similar composition and hydration . By contrast to the lower members, the overlying Glenelg member appears to encompass a diversity of materials and surface expressions. The Rocknest outcrop contains rocks of two different morphologies, both of which are enriched in FeO T ( > 25 wt. %) and depleted in MgO Mangold et al., 2015 ) . These differ from nearby Bathurst outcrop which is rich in magnesium and potassium . Closer to Gillespie and Sheepbed, the Point Lake outcrop appeared chemically to be intermediate between Rocknest and the underlying Gillespie and Sheepbed units. About 30 m south of Point Lake, the Shaler outcrop is interpreted as cross-bedded fluvial sandstones and interbedded mudstones characterized by a distinctive platy weathering morphology .
From YKB the rover drove southwest ( Fig. 1 ) , back across the Bradbury Rise. Curiosity entered a region of valleys and mesas ( Stack et al., 2016; Williams et al., 2016 ) starting about 1 km northeast of Kimberley. After leaving the Kimberley, the terrain was once again relatively level until the rover passed the landing ellipse boundary and briefly entered Hidden Valley. While most of the objects described in this paper were encountered near YKB, another spheroidal feature, Winnipesaukee, was found by Curiosity on sol 653 at an elevation of −4477 m, 600 m southwest of Kimberley and ∼6 km from YKB. Fig. 1 shows the region around Winnipesaukee mapped as Hummocky Plains (e.g., Grotzinger et al., 2015 ) .
The objects described here were serendipitously observed and sampled while other priorities were being addressed. The rover was on a strict schedule to arrive at selected destinations and waypoints. In mapping a terrestrial field area, features can be observed . The rover traverse into YKB is indicated by the white line with stopping locations as white points. Dark points indicate targeted outcrops, objects of interest, and drill holes. After sampling Sheepbed the rover visited Point Lake and revisited Shaler before driving away. and mapped comprehensively over days, allowing time to find the best examples of various features. However, on rover missions in general, and especially during this part of the MSL mission, we are only able to study features that happened to appear in images, and for which the team had enough time to react to request analyses or additional imaging.
Results

Tochatwi
On sol 121 Curiosity imaged the first hollow spheroid, Tochatwi ( Fig. 3 ) , as it was driving away from its first encounter with the Shaler outcrop on its way to the Sheepbed member ( Fig. 2 ) . The material around Tochatwi appears to be relatively flat, weathered sandstone of the Glenelg member with relatively thin dust cover-ing. Several circular objects were observed to protrude from the sandstone surface in the vicinity of Tochatwi. Two objects were observed on sol 123 ( Fig. S1b , c in supplementary materials). One of these is directly adjacent to a ChemCam observation of a target named Kahochella. Both of these two circular objects have rough exterior surfaces and it was not clear if these features are spheroidal or if they are cylindrical, possibly sedimentary pipes .
By contrast, Tochatwi clearly appears spherical. However, given that only a portion is visible above the bedrock, the actual shape could be like that of a blister (height less than horizontal diameter). The protruding portion is ∼16 cm in diameter. The ground appears to intersect the shell at an interior angle of approximately 45 °, implying that if the subsurface continuation of this feature is spheroidal, its diameter is ∼23 cm. (Here the term "shell" is used to describe the physically resistant, outer rind of the spherical fea- ture and does not imply any biogenic significance.) The shell is darker than the surrounding sandstone. Other than the Mastcam Bayer filter color, there is no further information on its spectral or compositional properties, as ChemCam was not used on this target. Closer inspection of the feature ( Fig. 3 b) indicates that the walls have somewhat variable thickness in the range of 1-4 mm. A portion of some remaining material from the inside is visible in the upper left side of the object, clearly containing voids of variable sizes up to 2 mm in diameter ( Fig. 3 c) . Several small, millimetersize voids can also be seen on the outer surface of the shell. The outer surface appears relatively smooth; it may show some scalloping on the right side, but this could be due to aeolian erosion. As the spheroid walls protrude from the surrounding rock, it can be assumed that their cohesiveness is greater than that of the surrounding sandstone. This cohesiveness is also needed to explain how an object this thin is not more easily weathered or broken.
Point Lake, Shaler, and twin Cairns island features
After completing analysis of the Sheepbed mudstones, Curiosity visited the Point Lake outcrop on sols 302-305 before returning to the Shaler outcrop. Point Lake ( Fig. 2 ) was observed in the distance as early as sol ∼63, as it protrudes ∼50 cm above the Gillespie member. Point Lake was noted by to be vuggy. Fig. 4 shows a portion of the outcrop displaying its rough texture with vugs up to ∼3 cm in diameter. To the right, under an overhanging portion of the outcrop and just at the contact, an ovoid feature appears to be poorly anchored to the outcrop. An inset shows the feature from a slightly different angle, and shows a number of spheroidal shell fragments still attached to the outcrop to the left and right of the main feature. Additional fragments lie on the ground or are partially buried just below the outcrop. The main feature is ∼ 10 cm in diameter, whereas the fragments appear to be from objects closer to 5 cm original diameter. The larger feature is fractured with some light-toned material comprising a portion of the interior. Overall, the spheroidal feature appears lightertoned than the Point Lake outcrop but as dark as or somewhat darker than the Gillespie member surface just below the outcrop. The location of this feature below the dark-toned outcrop resulted in relatively low lighting for the images. The slope of the surface just below the outcrop also made it difficult to position the rover for closer imaging with the arm-mounted MAHLI, which imaged nearby surfaces of the outcrop .
The Shaler outcrop, ∼40 m from Point Lake ( Fig. 2 ) , consists of alternating recessive and resistant sandstone layers . Shaler lies stratigraphically above the Point Lake outcrop and at the base of Shaler are some highly pitted layers. Mangold et al., (2015) noted that the pitted layers of Shaler bore a strong compositional resemblance to Point Lake, with a depletion of Mg in both. The Shaler pitted layer (Fig. S2 ) displays the same spheroidal void structures as observed in Point Lake, and one hollow spheroid with a diameter of ∼50 mm was observed in an image of a pitted surface nearby (Fig. S3 ). Another object was observed on sol 308 ( Fig. S4 ) in the vicinity of Shaler. This one may have been a hollow spheroid or it may be the remnant of a sedimentary pipe . A notable feature is the "Swiss cheese" texture with centimeter-size holes in the otherwise smooth-looking walls. These vugs may be larger versions of the small voids seen in Tochatwi.
On sol 343-345, at a distance of ∼0.5 km from Point Lake, the rover passed near and imaged an outcrop named Twin Cairns Island ( Fig. 5 ). Mastcam images taken from a distance of 45-50 m show that this outcrop contains numerous (e.g., more than eight) spheroidal voids that are partially exposed within the outcrop. The larger of these voids are 2.5-3 cm in diameter, similar in size to those observed at Point Lake. The Twin Cairns Island outcrop and several other local topographic highs on Bradbury Rise were originally mapped as the "rugged unit", distinct from the Yellowknife Bay members and from the Cratered Unit ( Jacob et al., 2014 ) . However, the dark texture and voids in this outcrop suggests a strong similarity to Point Lake.
Winnipesaukee
Another hollow spheroid, Winnipesaukee, encountered on sol 653 , is shown in Fig. 6 . This spheroid is embedded within a light-toned rock matrix that is exposed above the gravelly surface over a diameter of ∼35 cm. A number of other clasts appear to be protruding above the weathered matrix surface, some featuring vugs. Rock exposures of similar appearance occur nearby. Two other ChemCam targets, Meetinghouse and Albee, were also observed on sol 653. Meetinghouse is similarly lighttoned as the Winnipesaukee host rock. Its upper surface is weathered flat but rough and the few visible clasts are much smaller and lighter-toned than those in the Winnipesaukee host. The RMI image of Albee (not shown) has a much different appearance. This clast is partially buried in the gravelly fill but the upper part protrudes higher than the other two rocks. The clast is somewhat darker in appearance and the RMI image shows distinct coarse crystals, indicating that this is a partially buried igneous float, not related to the other two. Another image taken at the Kimberley outcrop (600 m away; Fig. 1 ) on sol 597 shows what appears to be small hollow spheroids, potentially showing a transition in morphology between voids and hollow spheroids ( Fig. S5 ). Additionally, on a topographic rise imaged one sol after Winnipesaukee, darker-toned, somewhat vesiculated boulders were observed that appear similar to those at Point Lake and Twin Cairns Island.
The spheroidal Winnipesaukee object is dark-toned, appearing roughly similar to Tochatwi, with a similar shell thickness, but overall it is significantly smaller, at 2.5-3 cm diameter. Some small protrusions may indicate weathered small voids. Small light-toned grains, 0.5 mm and smaller, occur throughout the object's dark sur- The images for the mosaic were taken during the course of the LIBS raster. The image used for the right side was taken before point 4 while the image used for the right side was taken after point 5, which left a divot in the soil in the center of the sphere. (c) Selected LIBS spectral regions showing significant differences between the host rock (points 1, 9, 10, indicated as Feldspathic), exterior of the sphere (point 6-8, Basaltic), and soil inside the sphere (points 4, 5, Soil). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) face. The spheroid is hollow with the exception of soil that is likely aeolian in nature.
Winnipesaukee is the only one of the three large hollow spheroids that was analyzed for chemical composition. ChemCam performed a 1 × 10 line scan across the spheroid, the locations of which are shown in Fig. 6 . Table 1 gives the compositions of the individual points along the scan, which covers the bedrock at each end, the exterior of the spheroid, and soil lying inside the spheroid. Points 1, 9, and 10 sampled the host rock and have felsic compositions, including SiO 2 > 50 wt. %, (Na 2 O + K 2 O) > 7 wt. %, MgO < 2 wt. %, and FeO T < 8 wt. %. Points 2 and 3 show relatively similar compositions possibly having targeted the host rock, but at least Fig. 6 b. Points 6, 7, and 8 hit the top of the spheroid, and their compositions reflect more mafic compositions, with SiO 2 < 55 wt. % and FeO T 14-20 wt. %. Calcium is still variable, and the alkali elements are still relatively high. Two points (4 and 5) sampled inside the spheroid, hitting soil. These show the high hydrogen signal typical of fine-grained soil ( Fig 6 c ; Cousin et al., 2015 ) , higher MgO, and relatively low SiO 2 and K 2 O. In order to see the trends better, the points representing each surface-host rock, soil, and spheroid-were averaged together in Table 2 . The standard deviations of these means, as well as the precision of the shots ( Table 1 ) are much smaller than the differences between these features for most elements. The mean composition of the host rock is nearly the same as the nearby rock, Meetinghouse, which was also observed by ChemCam. Both are clearly felsic in composition. By contrast, the exterior of the Winnipesaukee spheroid is well within the olivine-normative portion of the silica range, quite different from the host rock. The compositions of points 6, 7, and 8 indicate some chemical heterogeneity of the outer surface of the spheroid, as the differences are well beyond the precision observed within a raster .
Trace elements Li, Rb, Sr, Ba, and Cu were also quantified from the LIBS spectra, as described in Payré et al. (2016a, b) . Abundances of these elements are generally unremarkable with the exception that the average Li abundance in points 6-8 (exterior of spheroid), at 18 ppm, is ∼50% higher than the average of points 1, 9, and 10, representing the host rock. In general the points that sampled the exterior of the spheroid are significantly lower in Sr ( < 200 ppm) and Ba ( < 150 ppm) than the more felsic compositions of the points that sampled the host rock, though there is substantial scatter. Point 9 in particular is enriched in these elements, with > 700 ppm Sr and > 600 ppm Ba.
The inside of the Winnipesaukee spheroid was targeted by LIBS points 4 and 5. The RMI image ( Fig. 6 b) shows that this area was partially filled with soil, as mentioned above. However, analysis of the individual-shot trends for points 4 and 5 reveals additional detail. All thirty shots of point 5 resulted in similar spectra. However, in point 4 the composition changes significantly, starting around shot number nine. This is seen most clearly with magnesium, shown in Fig. 7 , where the MgO drops from ∼7 wt. %, typical for soil, to a value of around 4 wt.%. The trend is given for all of the major elements in Table 2 , where the last ten shots are averaged and compared with the first ten shots (the first five spectra were not removed as is normally done to avoid dust on rocks) from both points 4 and 5. Silica, Al 2 O 3 , Na 2 O, and K 2 O increase significantly, while FeO T decreases and CaO shows a slight increase. Some of these trends are consistent with the composition of the spheroidal shell, as if the laser had sampled an interior portion of the shell, but several element trends are inconsistent with that. In particular, the decrease in Fe and increase in Al and Ca are different. In addition, SiO 2 increases above the level of the exterior of the shell, and Ti drops more than expected. Finally, the 656 nm hydrogen peak in the LIBS spectra, indicated in Fig. 6 , shows quite strong hydration. These results are discussed below. The spectrometers on ChemCam are also used in passive mode to record visible/near-infrared (400-840 nm) radiance from the martian surface. Such observations typically are acquired as "darks" by ChemCam after laser shots to assist in calibration of LIBS measurements. Johnson et al. (2015 Johnson et al. ( , 2016 used onboard calibration targets as reflectance standards to reduce the passive radiance observations of sunlit targets to relative reflectance. Most of the spectra that were collected exhibit a ferric absorption edge in the visible region ( < 600 nm) and maximum reflectance values near 0.25, typical of dusty martian soils. Fig. 8 shows such spectra from Winnipesaukee (Sol 654) where three spectrally distinct materials are apparent. Locations with relatively high Si values (#1, 2, 3, 9, and 10) within the light-toned host rock show maximum relative reflectances of 0.20-0.25. Locations #4-5 on nearby soils exhibit lower relative reflectance values. Similarly low values occur for locations #6-8 on the spheroidal feature itself, consistent with a less dusty surface. These locations also exhibit flatter spectra (less spectral contrast) and negative slopes toward the near-infrared, with peak reflectances near 600 nm. This is consistent with the more mafic elemental chemistry determined from the LIBS measurements, as would be expected from a stronger presence of magnetite, for example.
Discussion
Relationship to host rock
The Winnipesaukee spheroid has a substantially different composition from the host rock. As the other large hollow spheroids-Tochatwi and the one at Point Lake-were not targeted with Chem-Cam, it is impossible to know if their compositions are the same Fig. 8 . Passive reflectance spectra taken by ChemCam without the laser. Observation points 1-10, corresponding to the positions indicated in Fig. 6 , are represented by different color spectra. as Winnipesaukee. However, the objects observed earlier are embedded in a darker-toned mudstone, so their appearance is more similar to the host rock than Winnipesaukee is to its host rock. The Winnipesaukee host rock appears more as a conglomerate, rather than a sandstone. Given the difference in host rocks, in contrast to the similar, dark appearance of the hollow spheroids, it is possible that Winnipesaukee was transported and not formed in place.
Relationship to nodules and mini-bowls
Nodules and hollow or collapsed nodules referred to as "minibowls" were observed in abundance in certain areas of the Sheepbed member . The size distributions of the nodules in that study were all < 1 cm diameter. Nodules were not limited to the Sheepbed member. Nodules also existed in a sedimentary dike feature ( Fig. 9 ) referred to as the snake, after a target named Snake River . Here again, these nodules were generally < 1 cm in diameter. Nodules were also observed along several more recent parts of the rover traverse, including in portions of the Pahrump outcrop (sols ∼750-900) and in the Stimson unit (sols ∼1150-1280). The latter is an aeolian sandstone that unconformably overlies previously-deposited and eroded material . Pahrump is part of the Murray formation , which is observed from orbit over a number of kilometers on the lower portions of Mt. Sharp. Rover observations suggest it is a lacustrine deposit but with significantly different composition from the Sheepbed mudstones, being enriched in aluminum and alkali elements, and variably depleted in Mg Blaney et al., 2015 ) .
The images of voids and hollow spheroids at Point Lake ( Fig. 4 ) , just a few meters from the Sheepbed Member, suggest a possible link between the < 1 cm nodules found in great abundance there and the larger spheroids discussed here. The inset in Fig. 4 shows partially intact spheroidal shells (discussed later) with diameters as small as 2-4 cm, not much larger than the nodules.
Interior of Winnipesaukee
Probing the chemistry of the interior surface of the Winnipesaukee shell potentially provides additional information relating to its origin. From descriptions at the end of Section 4.3 , it is clear that the last 20 laser shots of observation point 4 encountered a solid material of different composition from the soil seen in the image. The shot-to-shot behavior of the LIBS signal gives a strong indication that these spectra interrogated a solid surface. Cousin et al. (2015) noted that the total emission (sum of the signal in all channels) observed from fine-grained soil is variable from shot to shot. However, when a solid object is observed, the total emission becomes much more stable. The same behavior is observed here. One possibility is that this solid material is the interior surface at the bottom of the spheroid. If that is the case, the differences in composition from the exterior wall of the spheroid, pointed out in Section 4.3 , may provide information about the interior surface, and possibly about the original contents of the spheroid or its formation mechanism. However, in inspecting the differences-higher Al 2 O 3 and CaO, and lower FeO T and K 2 O-the only general implication is that the interior seems slightly more felsic or less mafic than the exterior. One other possible clue is the high hydration signal, possibly suggesting the addition of hydrous phases such as clay minerals or a hydrated cement.
High hydrogen was also observed in an apparent sedimentary pipe targeted by ChemCam on sol 530 and called Tappers . The pipe, located ∼1 km away, had one of the highest hydrogen signals of all the solid objects observed along the traverse. However, Tappers is high in iron ( > 20 wt. % FeO T ) and also Mg ( > 10 wt. % MgO) and is relatively low in aluminum and alkali elements. It may contain Fe-Mg smectite or serpentine, given the apparent high water content.
Origin of hollow spheroids
Terrestrial sandstone formations are known to contain features of many different morphologies including concretions, arches, doughnuts, and pipes (e.g., Young et al., 2009 ) . Terrestrial spheroidal concretions are diagenetic, cemented mineral masses that can have a variety of cement precipitates such as iron oxides and calcite (e.g., Berner, 1968; Raiswell, 1971; Chan et al., 2012 ) . Due to their greater hardness, the concretions appear as surface lag after the less cemented surrounding sandstone weathers away. An important characteristic of the concretions is that the cement precipitate causes the concretion itself to be mineralogically and often also chemically distinct from the host rock. Although most occurrences of terrestrial concretions are small ( < 1 cm diameter), large iron oxide concretions of > 10 cm diameter occur in Jurassic Navajo sandstones (e.g., Chan et al., 2012 ) .
Concretions have also been seen on Mars, not only on the MSL mission , but also at the Opportunity rover landing site in Meridiani Planum ("blueberries" ), where they consist of pure hematite and are < 5 mm diameter ( Squyres et al., 2004; Grotzinger et al., 2005; Arvidson et al., 2014 ) . Opportunity also identified some small hollow spheroids of the same general size as the blueberries, distributed both in loose soils atop the Hesperian Burns formation and tightly embedded in bedrock on the highest reaches of the Noachian Matijevic Hill ( Fairén et al., 2014 ) .
Larger and hollow features have also been encountered by the previous generation of rovers. The Spirit rover encountered a large spherical exfoliation feature on sol 103 of its mission (Fig. S6 ). This feature is > 33 cm in diameter and is heavily weathered, but it clearly appears to be solid and not hollow. Some rocks encountered later at the edge of the Bonneville ejecta deposit (foreground of Fig. 7 , Arvidson et al., 2006 ) and at the foot of Columbia Hills (MER-A, sols ∼160-180) have highly weathered and easily eroded interiors surrounded by resistant shells, -a feature generally referred to as case hardening ( Arvidson et al., 2006 and references therein; Crumpler et al., 2011 ; Fig . S7 ). These rocks are partly hollow like the features described here (e.g. Tochatwi, Winnipesaukee), but do not have a spherical shape. Overall, the Gale crater hollow spheroids are significantly different from previously observed features on Mars due to their composition (not hematite concretions), their size, strikingly spherical shape, and their hollow nature.
The following discussion highlights possible interpretations of the cm-to dm-size hollow spheroids in Gale crater, and why a concretion origin seems most consistent with these features.
Igneous origin : Stack et al., (2014) concluded that the nodules found in the Sheepbed Member were not likely to be of igneous or impact origin, favoring instead an explanation as authigenic mineralization precipitated from diagenetic pore fluids. The large spheroids discussed here could not be volcanic bombs, which are ballistic pyroclasts with a diameter > 64 mm, or lapilli (smaller pyroclasts). These are masses of molten (and fragmented) rock, which have an (approximately) aerodynamic shape during flight, and depending on cooling status, deform, crack and break apart upon landing. Some contain vesicles, especially in a glassy rind, but bombs are not normally hollow (e.g., Macdonald, 1972; Schmid, 1981; Blong, 1984; Gurioli et al., 2013 ) . Smaller ejecta are classified as lapilli, and can consist of scoria, rock fragments or magma clots. Although frequently vesicular, completely hollow volcanic spheroids would not survive the landing impact and are therefore generally not normally preserved ( Schmid, 1981 ; Blong, 1984 ) .
Meteorite impacts : Meteoritic impacts produce molten ejecta called tektites. They are generally spherical to tear-drop-shaped objects formed from melt material that solidifies during passage through the atmosphere following a large impact (e.g., Stöffler and Grieve, 2007; Stauffer and Butler, 2010 ) ; they can fall many kilometers from their origin. Mars is likely to also produce tektites, particularly if its atmosphere was thicker during the late heavy bombardment period. The rate of impacts on Mars is likely to have been much higher at the time of the formation of the Gale crater sediments (e.g., Carr and Head, 2010 ) , suggesting that tektites might be quite numerous in sediments of this age. One potentially dubious suggestion for the origin of the Meridiani blueberries was as cosmic spherules, which are also produced from impacts ( Misra et al., 2014 ) . By contrast, Martian tektites would reflect the local composition of their place of origin, so their composition might not differ significantly from the fine-grained sediments in Gale crater. Hollow tektites are known to occur on Earth. The gas-bubble interior can comprise a relatively large fraction of the overall volume of the object, with interior volumes of up to 50 cm 3 reported ( Baker, 1965 ) . The overall morphology and shape of Winnipesaukee could be similar to that expected for a hollow tektite. However, the morphologies of other objects described here are not consistent with tektites. The thin walls of Tochatwi and its overall size and aspect ratio do not seem consistent with an origin as a tektite, and the multiple shells and voids at Point Lake clearly do not fit this hypothesis.
Gas or fluid bubbles : The thin walls, large aspect ratios, and the apparent relationship between voids and hollow spheroids and fragments at Point Lake suggest a possible origin as gas or fluid bubbles within sediments prior to solidification. Such bubbles could come from the inorganic reaction of mafic minerals, especially olivine, to serpentine (e.g., Oze and Sharma, 2005 ) , the degradation of organic material, or fluctuations in lake level that cause air to enter the sediment when lake level is low and then be trapped as bubbles within the sediment when lake level rises. Gas bubbles have been inferred in terrestrial ancient lacustrine sediments that display "molar tooth structure" in which gas-produced voids were filled and preserved by Ca sulfate ( Grotzinger et al., 2014 and references therein) . Gas-produced voids have been found in modern terrestrial lacustrine sediments, for example in the Lake Powell delta ( Simpson et al., 2016 ) . These voids are not limited to orienting along bedding planes. If mineralization occurs early enough, the structure may be maintained. Curiosity investigations found small amounts of olivine (2.8 and 0.9%, respectively) in the John Klein and Cumberland drill holes in the Sheepbed mudstone, alongside 22% and 18% smectite . If the Rocknest sand shadow, with 16% olivine , is assumed to be a potential unaltered precursor of the Cumberland and John Klein samples, reaction pathways from this starting material to the observed 'mudstones' would favor the dissolution of olivine ( Bristow et al., 2015 ) and the XRD-amorphous component , potentially forming gas in the process. Additionally, the SAM instrument detected small amounts of carbon compounds in the Yellowknife Bay samples, which have the potential to release gas (CO 2 , CO; Eigenbrode et al., 2014; Freissinet et al., 2015 ) . Thus, a gas or brine-gas mixture in the voids could provide a chemical and/or redox gradient necessary for the localized formation of secondary minerals along the boundary between the void and the sediment.
Redox gradients : Alternatively, such a chemical gradient could be sourced from alteration of a chemically reducing precursor mineral, e.g., a sulfide or carbonate. According to Loope et al., (2012) , hollow, rinded concretions form on Earth when siderite, either formed in place or transported fluvially a short distance, is dissolved, liberating ferrous iron which diffuses to the perimeter of the structure. Ferrous iron is oxidized by dissolved oxygen to precipitate ferric oxyhydroxide minerals. Precipitation of these minerals generates acid that leads to further dissolution. Loope et al., (2012) argue that the precursor siderite concretion is thus altered by oxidative processes to form a thick Fe-oxide rind with a hollow interior. 'Rattlestones' found in the Netherlands are attributed to a similar two-step process, whereby Fe-oxides replace a pre-existing siderite concretion, leaving a void (e.g., van der Burg, 1969 ) . Other hollow concretions have been found to have siderite walls ( Marza et al., 2004 ) .
Perhaps the most relevant terrestrial analog in terms of morphology and chemistry invokes reactions of pyrite mineral(s) in sediments that undergo alteration and oxidation to form hollow spheroidal clasts. Hollow spheroidal clasts associated with pyrite cores found in sandstones in Surrey, England, were reported by Smith (1957) . More spectacular examples, up to 60 cm in diameter, are found in the Khorat Group in northeastern Thailand ( Putthapiban and Hongsresawat, 2007 ) . Some of the spheroids have small remnants of pyrite inside them. It is proposed that pyrite nodules were deposited in fluvial sediments and bedded silt, and that interaction with water resulted in a reaction front in which an enriched Fe 2 + /Fe 3 + solution percolates outward until the system reaches equilibrium. The iron-enriched sediment hardens, cementing the sediments at the reaction front. Fig. 5 a of Putthapiban and Hongsresawat (2007) looks remarkably like the Point Lake and Twin Cairns Island morphology, with numerous voids of various sizes, along with hollow spheroids. One of the Point Lake voids contains apparent remnant material ( Fig. 10 ; the location of this void relative to the spheroidal shells in Fig. 4 is shown in Fig. S8 ). However, this apparent filling material was not analyzed for composition, and thus it is not possible to conclude anything on its content.
These terrestrial examples generally result in hollow concretions consisting of iron oxides or carbonates, which contrasts with the iron-rich silicate composition of the Winnipesaukee spheroidal shell. Additionally, although some siderite is inferred to have been found on Mars by the Spirit rover ( Morris et al., 2010 ) , and the possible presence of trace amounts of carbonates in Gale sediments may have been the source of some CO 2 observed by SAM Freissinet et al., 2015 ) , it was not identified among the mineral constituents of the Sheepbed Mudstones . On the other hand, the mudstones clearly contain reduced iron, with significantly more magnetite ( ∼4%) than hematite ( < 1%). The CheMin team also reported > 1% abundances of akaganeite, and found pyrite near the limit of detection in the John Klein sample . The Windjana drill hole at the Kimberley, near the Winnipesaukee location, does not contain observable pyrite, but it contains 12% magnetite, along with only 0.6% hematite and 0.3% pyrrhotite, so the iron is in a relatively low oxidation state ( Treiman et al., 2016 ) .
On Earth there are a wide range of iron oxide concretions with different morphologies and mineralogies, and complex histories of fluid flow. Besides the terrestrial examples of concretions mentioned above, there is evidence that some terrestrial Fe-rich concretions may not require siderite or sulfides to form. Hydrous ferric oxide concretions are proposed for Jurassic Navajo Sandstone of Utah, USA, where macroscopic rind concretions show multiple generations of cement with different textures, and some with a hardened outer shell and a weakly cemented interior Potter et al., 2011 ) . Scanning electron microscope images show the infilling of the Fe-rich material in the pores of the sandstone . Trace-element studies of the concretions reveal enrichments of U. Since U would be mobilized by an oxidizing fluid required to produce the concretions from a reduced iron species, its presence suggests instead that the iron oxide/oxyhydroxide was an original precipitate .
Passive spectra of the Winnipesaukee target show a ferric absorption edge ( Section 4.3 ; Fig. 8 ), but unaltered host rock minerals contain ferrous iron, which also is the more readily mobile Fe species. This provides evidence for a redox gradient, which is one possible driving force for the localized formation of secondary alteration phases. It therefore seems plausible that redox changes could lead to the localized formation of secondary phases, changing the oxidation state from Fe 2 + to Fe 3 + . We therefore feel justified in classifying these spheroidal features as concretions.
Raiswell and Fisher (20 0 0) describe two growth mechanisms for concretion development: either concentrically, in which the feature's radius grows over time, or pervasively, in which an isolated patch of crystals evolves toward a mass of zoned crystallites. In the latter case the radius does not grow, but pore space is filled. A combination of these mechanisms may also occur, in which pervasive growth may be followed by concentric growth, with a concomitant change in the nature of the cementing material. To explain hydrous ferric oxide (HFO) concretions found in eolian Jurassic Navajo Sandstone in the southwestern United States, Potter et al. (2011) use a pervasive growth model in which amorphous HFO is precipitated in localized concentrations and pore spaces are later filled in, with cementation proceeding inwards from the outer edge, or rind. Studies of thin sections by scanning electron mi-croscope appear to confirm the inward growth. While we cannot study the martian hollow spheroids with such detail, the apparent iron-rich nature of the features is consistent with the possibility of an iron-rich cement filling the pore spaces to create an inward-growing shell, in which the interior was not hardened due to the chemical barrier created in the process. As a result, the system runs out of reactants, so the case cementation cannot continue filling in.
In contrast to terrestrial sandstones which are generally highly silicic, sandstones in Gale crater are relatively iron-rich, at nearly 20 wt. % FeO T , and this is likely true for much of Mars' sandstones. Because iron is freely available, the role of redox reactions involving iron as a major constituent of the martian sediments is apparently much stronger in terms of producing secondary alteration within the sediments. On Earth the abundance of organic materials as well as the oxidizing nature of the terrestrial atmosphere play significant roles in redox conditions of near-surface materials. It seems that, by contrast, the agents controlling redox conditions are much less well understood on Mars. Hydrogen and methane ( Webster et al., 2014 ) released by serpentinization reactions ( Oze and Sharma, 2005 ) could be one important factor.
Conclusions
We have described unique spheroidal features that have been observed by the Curiosity rover during the early stages of its traverse in Gale crater. The spheroidal shells, with diameters as large as ∼23 cm, are most plausibly the product of an alteration gradient from the interaction of groundwater with reduced iron species, possibly in the form of pyrite, iron meteorite fragments, or other forms of reduced iron. If true, these features are additional evidence of the strong role that oxidation plays in diagenesis of martian sediments. The source of the reduced iron is not known at this time. Several possible sources include weathering of olivine, or meteoritic impacts and their products, including the destruction of meteoritic organic material. The hollow spheroids and voids may be related to the smaller nodules , but this relationship is also currently unknown. Further exploration by Curiosity as well as future missions will hopefully further elucidate the findings described here.
